[1] The catchment water-energy balance at the interannual scale remains a challenge for bridging the important gap in our knowledge of the hydrologic cycle. This study investigates interannual evapotranspiration (ET) variability and water-energy balance at over 547 catchments across the contiguous United States in different climate zones. The investigation is based on ET data estimated from satellite images and surface daily meteorological data during the period of 1983-2006 provided by the University of Montana. We find that the interannual relationship between annual potential ET to annual precipitation (PET/P) and ET/P, the energy, and water factors defined with the Budyko curve framework can be captured by a linear function, with an average goodness of fit of 0.928 over all the catchments. The linear relationship is validated by another independent remote sensing ET product generated by the University of Washington and is demonstrated to be rational using regression diagnostics. Additionally, a comparison study using a water balance method and the Budyko curve is undertaken to examine the linear relationship. In addition to water supply and energy supply, the primary controls on evapotranspiration, soil water storage, response of vegetation to climate variability, and human interference are also major factors of the interannual relationship between PET/P and ET/P.
Introduction
[2] Evapotranspiration (ET), as a loss of approximately 60% of water from terrestrial precipitation [Oki and Kanae, 2006] , is a critical component of the water and energy balance of climate-soil-vegetation interactions. Moreover, since agricultural water consumption, the largest water use on the Earth, goes through ET, more precise prediction of ET will be beneficial for water resources management. Among the studies on ET, the interannual variability of ET remains as one of the major research problems as explained below. At the catchment scale, despite the complex processes and interactions involved with ET, it has been demonstrated that available water and energy are the primary controls on mean annual ET [Budyko, 1974] . However, ET is a process with extraordinary space-time heterogeneity and is inherently too complex to be measured or precisely predicted [Brutsaert and Stricker, 1979] . This makes it challenging to explore and understand the interannual and intraannual variability of ET at the catchment scale.
[3] Some background on the water-energy balance at the catchment scale is essential for discussing ET variability. Budyko [1958] postulated that the partitioning of precipitation into ET and runoff is a function of available water (substituted by precipitation under natural conditions) and energy (measured by potential ET, denoted as PET). The Budyko framework has been demonstrated by numerous catchment studies, confirming a good agreement with the long-term water balance at the catchment scale. Milly [1994] discussed a theoretical foundation for the Budyko equation and tested it with a numerical solution, which shed light on the importance of soil water storage capacity as a controlling factor of ET. Zhang et al. [2001] developed a Budyko-like equation with an additional parameter, which can capture mean annual ET changes resulting from vegetation changes from native woody plants to pasture. Similarly, other analytically derived Budyko-like equations [Fu, 1981; Zhang et al., 2004; Yang et al., 2008] include extra parameters accounting for the effects of a collection of catchment characteristics imposed on the mean annual water-energy balance, such as vegetation [Oudin et al., 2008; Peel et al., 2010] , landscape characteristics [Jothityangkoon and Sivapalan, 2009] , soil properties [Yang et al., 2007] , seasonality [D'Odorico et al., 2000; Potter et al., 2005; Porporato et al., 2006] , nonlinearity and stochasticity [Porporato et al., 2004] .
[4] Recently, great efforts have been devoted to diagnose the interannual variability of the water budget. For example, Daly and Porporato [2006] and Rodríguez-Iturbe et al. [2006] have studied soil water dynamics under hydroclimatic variability and vegetation using a stochastic approach at different space-time scales. Potter and Zhang [2009] and Yang et al. [2009] extended the Budyko framework to predict interannual variability of the water balance and achieved reasonable results. Troch et al. [2009] found that interannual variability of Horton index (i.e., water vaporization over water available for vaporization) has a linear relationship with seasonal and annual humidity index. Sivapalan et al. [2011] and Harman et al. [2011] explored the spatial (regional) and interannual water balance variability and relation between the two using a two-stage partitioning functional model. Other studies have attempted to quantify interannual variability of ET in terms of annual precipitation and/or other meteorological forcing variables cascading through the catchment systems [Choudhury, 1999; Dooge et al., 1999; Koster and Suarez, 1999; Arora, 2002; Sankarasubramanian and Vogel, 2002; Porporato et al., 2006; Zhang et al., 2008; Gerrits et al., 2009] . However, the controlling factors of interannual ET variability at the catchment scale are still not well understood, which calls for further research. It should be noted that the Budyko framework is defined on certain spatiotemporal scales; in general, it is not suitable for estimating ET at a time scale shorter than the annual mean (i.e., longterm mean) or at a small catchment scale either [Donohue et al., 2007] . Furthermore, the Budyko framework was essentially designed to model spatial variability of mean annual ET rather than water-energy budget variability at interannual or intra-annual time scales of a certain watershed [Potter and Zhang, 2009] .
[5] The primary objective of this study is to explore the interannual water-energy balance at the catchment scale by assessing the interannual variability of ET. The key issue of this investigation is the reliable estimation of actual ET. In this study, two independent long-term remotely sensed ET data sets, which are provided by the University of Montana (UM_ET) and the University of Washington (UW_ET), are employed to assess the interannual ET variability and waterenergy balance at the catchment scale. By analyzing the annual water-energy balance of 547 catchments in different climate zones and land covers across the contiguous United States, we attempt to find a general relationship to characterize catchment interannual water-energy variability and to identify the main factors that control the relationship.
Methodology
[6] In this section, three different approaches for investigating the interannual ET variability are reviewed, and specifically, the advantages of remotely sensed ET are discussed. Following that, the method used in this study to assess the interannual ET variability is presented.
ET Estimation Approaches
[7] The areal ET is usually estimated by water balance, meteorological modeling or remote sensing-based approaches.
[8] The water balance approach, routinely used for estimating mean annual ET, is based on the catchment water budget. For any time period, the water balance can be written as:
where ET is evapotranspiration; P is precipitation; R is runoff; G is groundwater recharge; DS is water storage change. For natural catchments over a long-term period, ET can be inferred from the difference between average P and R neglecting the soil water storage variation and groundwater recharge:
The ET inferred from the water balance is reasonable when soil water storage variation is negligible because precipitation and runoff are arguably the most reliable measurements of the catchment hydrologic cycle. This approach has been used in numerous studies of large areas over long-term periods. However, it is not appropriate for finer time scales with small catchments since interannual soil water storage variation cannot be neglected. Nevertheless, this simple method is used to compare against the satellite-based ET in this study.
[9] For watersheds with intensive irrigation diverted from other catchments or pumped from deep groundwater, irrigation water (I) as an external source should be added to equation (1) [Vico and Porporato, 2010] , i.e.,
Because of the impact of I, even over a long-term period, the assumptions behind equation (2) may not be valid, as illustrated in analysis and discussion of the Republican River Basin in sections 4.3, 5.2.1, and 5.2.3.
[10] Meteorological modeling methods for estimating ET use meteorological, climatological and biophysical evaporation models or eddy covariance flux tower observations to estimate ET at the point scale and then the estimation is upscaled or interpolated to the basin scale [Gerrits et al., 2009; Scott, 2010] . For hydrologic modeling and practical applications, ET is commonly estimated according to PET at different temporal scales [Brutsaert and Stricker, 1979; Xu and Li, 2003] on the basis of the Penman theory [Penman, 1948] or Bouchet-Morton's complementary relationship [Morton, 1983] . However, no matter how sophisticated the model is, it remains difficult for ET estimation using meteorological models to represent the spatial heterogeneity that affects ET processes [Tang et al., 2009a] .
[11] ET has also been estimated from remotely sensed satellite data, which provides relatively frequent and spatially continuous measurement of biophysical variables, including radiation, vegetation coverage and density [Kalma et al., 2008] , and recently released soil storage variation derived from Gravity Recovery and Climate Experiment (GRACE) satellites [Schmidt et al., 2008] . Several models and algorithms have been developed to derive ET from these products, including simplified process-based models, thermal satellite-based surface energy balance approaches, empirical models and vegetation index ET relationships [Bastiaanssen et al., 1998; Allen et al., 2007] . The advantages of using satellite-based ET lie in its ability (1) to spatially integrate empirical ET relationships over heterogeneous surfaces from a range of spatial scales [Kalma et al., 2008] , (2) to provide realistic spatially and temporally continuous ET based on remotely sensed control variables for ET models , (3) to overcome the local influences to ET estimation such as human interferences, soil water storage variations, water seepage to deep groundwater, etc. [Tang et al., 2009b] , and (4) to incorporate real-time response of vegetation to climate variability which can significantly affect the interannual variability of the catchment water balance [Donohue et al., 2007; Troch et al., 2009] .
[12] Recent advances in inverse algorithms and remote sensing technology enable the large-scale mapping and monitoring of ET [Jung et al., 2010] . Long-term, large-scale creditable ET estimation are now available, such as remotely sensed ET data developed by the University of Montana and the University of Washington [Tang et al., 2009a] . In this study, we take advantage of these products, which allow a feasible study of the catchment interannual water-energy balance behavior and interannual variability of ET over a large number of catchments with different climates, land uses and land covers, and human activities (e.g., irrigated versus rain-fed agriculture).
Assessing Interannual Variability of ET
[13] Most studies on catchment water-energy balance use P to represent local available water and PET for energy supply. For studies using Budyko curves, the catchment water-energy balance status is usually represented as a function of energy supply (represented PET) and water availability for ET (represented by P). This study adopts the same water and energy indicators and explores the relationship between ET/P and PET/P over a number of years and at the catchment scale.
[14] First, the ET data from UM_ET is fitted to Fu's analytical equation for the Budyko curve [Fu, 1981; Zhang et al., 2004] for each of the 547 catchments.
Fu's equation includes an additional parameter w, which representing the effects of all other factors on ET besides PET and P. Although the Budyko framework was designed to express the spatial relationship of mean annual water and energy balance over large basins, it has also been used to study the interannual variability for individual catchments [Potter and Zhang, 2009] . Following those studies, we adopt the Budyko curve to depict interannual water and energy variability and compare it against a proposed linear relationship.
[15] Second, a linear relationship between ET/P and PET/P is fitted by the least squares regression method using the same data set. The goodness of fit (R 2 ) and root-mean-square error (RMSE) are used to quantify and compare the relationships to the observation data of the Budyko curve and the linear regression. In order to draw a conclusion that takes into consideration of spatial heterogeneity, 547 catchments across the contiguous United States are chosen in diverse climate zones.
[16] As mentioned above, two satellite-based continuous ET estimates are used. UM_ET, which provides a globalscale daily ET data set from 1983 to 2006, the longest satellite-derived ET data set currently available, is used as the main data set for this study. The UW_ET data set from 2001 to 2008 is employed to validate the findings from UM_ET. In addition, a traditional water balance approach is conducted for comparison, namely using water balance inferred ET to assess the interannual variability of ET based on equation (2). Furthermore, land cover and canopy coverage data sets are used to diagnose the controlling factors on the interannual variability of ET and the catchment waterenergy balance.
Data Sources and Study Areas

Precipitation Data
[17] Annual precipitation data across the contiguous United States is obtained from the PRISM Climate Group of Oregon State University [Di Luzio et al., 2008] . This data set was created using the Parameter-elevation Regressions on Independent Slopes Model (PRISM) climate mapping system. It is accredited by the U.S. Department of Agriculture (USDA) and the National Oceanic and Atmospheric Administration (NOAA) and recognized worldwide as one of the highest-quality and most sophisticated spatial climate data sets. The spatial resolution of the gridded annual precipitation data set is 2.5 arcmin (about 4 km). Moreover, this precipitation data set is selected since it incorporates station observations with a digital elevation model and expert knowledge of complex climatic extremes [Daly et al., 1994] with a finer resolution. In this study, catchments areal annual precipitation from 1983 to 2006 is averaged over the spatial area for each of the selected catchments.
Satellite-Based ET Data Sets
[18] UM_ET is based on AVHRR normalized difference vegetation index (NDVI) canopy conductance algorithm and incorporated with meteorological observations , while UW_ET is estimated using the Moderate Resolution Imaging Spectroradiometer (MODIS) standard ET algorithm, which is based on the satellite-retrieved vegetation index and surface temperature [Tang et al., 2009a] .
[19] The UM_ET estimates canopy transpiration, soil evaporation and open water evaporation separately at the grid level. The algorithm of UM_ET quantifies canopy transpiration and soil evaporation using a modified PenmanMonteith approach with biome-specific canopy conductance determined by NDVI, and quantifies open water evaporation using a Priestley-Taylor approach. Positive results have been found in terms of the basin water budget which indicates that the UM_ET product is relatively accurate on a global basis [Jung et al., 2010; Zhang et al., 2010] . It is the longest satellite-derived ET data set currently available with a resolution of 0.0727°(about 8 km) and is used as the main data set for this study. Monthly PET data are also provided by the University of Montana estimated using PriestleyTaylor method with the same extent and resolution as UM_ET. UW_ET provides near-real-time estimates of ET based on a VI-T s ET algorithm using the MODIS products with a resolution of 0.05°in the extent of the contiguous United States from 2001 to 2008. The VI-T s method is based on the combination of the vegetation index (VI) and surface temperature (T s ) and is implemented in a way that avoids the requirement for surface meteorological data [Tang et al., 2009a] . The UW_ET data set agrees favorably with ground eddy flux tower observations and ET estimated from a Landsat-based (METRIC) method. The overlapping period between the two data sets is from 2001 to 2006, which is used to validate the relationship. Although both UM_ET and UW_ET are NDVI based and derived from remote sensing products, they are essentially two independent data sets based on different retrieval algorithms, as well as being generated by different study groups.
[20] UM_ET and UW_ET may involve noticeable uncertainty and limitations that may not be ignorable, including some systematic bias with the ET algorithms, observation errors, scale issues, etc. [Kalma et al., 2008; Zhang et al., 2009] . In this study, we aggregate the daily or monthly data into annual data for catchments of the mesoscale. According to the producers of both data sets [Tang et al., 2009a; Zhang et al., 2010] , both spatial and temporal accuracy are improved at the aggregated level and can capture the interannual climate variability.
Land Use and Land Cover Data
[21] The land use of each catchment is derived from 2001 National Land Cover Data (NLCD 2001, http://www.epa. gov/mrlc/nlcd-2001.html). The resolution of this data set is 30 m and there are 16 land use and land cover classifications across the contiguous United States. According to the land cover classification, four predominant land cover types are extracted, which are agricultural land, grassland, shrub and forest. These four land cover types cover more than 90% of the total land in most of the selected catchments. Furthermore, the role of vegetation on the interannual ET variability is also investigated on the basis of tree canopy coverage, which is obtained from the same website as NLCD 2001. The types of both land use coverage and tree canopy coverage are listed in the auxiliary material.
1 Since the study period is not very long and the development rate of these catchments is approximately stable, the NLCD 2001 products are used to represent the average vegetation condition for the whole time period.
Study Areas
[22] The locations of the 547 catchments used in this study are shown in Figure 1 . More detailed information for these catchments can be found in the auxiliary material. [Peel et al., 2007] . The catchment boundaries are extracted from the USGS Hydrologic Unit Maps downloaded from the National Atlas of the United States (http:// www.nationalatlas.gov/).
Results
Interannual PET/P Versus ET/P
[23] PET and ET during the period of 1983-2006 in the case study catchments are extracted from the UM_ET data. PET/P versus ET/P is plotted for each of the catchments, and the scatter points are fitted by both a Budyko-like curve and a straight line (linear relation) using the least squares regression method. Figures 2a and 2b show R 2 and RMSE results from the linear relation and Budyko curve fit for each catchment. Although Fu's equation can obtain a low RMSE and R 2 > 0.7 in some catchments, it can be seen that in all catchments, the R 2 and RMSE of the linear fit are larger and smaller than the Budyko curve fit, respectively. [24] A summary of R 2 , slopes, and intercepts of the fitted lines for all the 547 catchments are provided in the auxiliary material. R 2 values range from 0.502 (catchment 262) to 0.997 (catchment 545). The average R 2 value over the 547 catchments is 0.928. Figure 3a shows the plots of three catchments that have very high (catchment 522), close to mean (catchment 354), and minimum (catchment 262) R 2 ; Figure 3b shows the distribution of R 2 for the linear fit for all 547 catchments. Further analysis shows that 6 of the 547 catchments have an R 2 lower than 0.6, and 502 catchments have R 2 larger than 0.8. Basically, the catchments in humid and subtropical regions have a higher R 2 while catchments in semiarid regions have a lower R 2 . Further investigation shows that catchments with R 2 < 0.8 usually have lower forest and agriculture land coverage, a value of PET/P ranging from 2 to 4, and mean annual precipitation lower than 600 mm.
[25] The slope and intercept of the fitted lines vary among the catchments. Figures 4(a) and 4(b) show the slope and intercept versus PET/P for the 547 catchments, respectively. Normally catchments in subtropical and humid regions show a larger slope and smaller intercept, but catchments in semiarid regions have a smaller slope and larger intercept. Reformulating the linear relation ET/P = aPET/P + b to ET = aPET + bP, then the slope (a) and intercept (b) reflect the variability of ET with respect to PET and P. A larger slope indicates a larger catchment ET change corresponding to the change of the PET, i.e., the interannual variability of ET is more sensitive with PET. The intercept (b) reflects the impact of precipitation on the interannual variability of ET. The value of b is smaller than 0.1 in the tested catchments when PET/P < 2.0, but the b value is much larger and shows a greater diversity when PET/P > 2.0. Figures 4a  and 4b clearly exhibit the spatial dependence of ET on PET and P. The scatter along the decreasing trend of slope and the increasing trend of intercept might be caused by seasonality [Milly, 1994; Zhang et al., 2004; Porporato et al., 2006] , vegetation rooting depth [Porporato et al., 2004; Donohue et al., 2007] , agricultural land use and irrigation, etc., which can also affect the goodness of fit, slopes and intercept as discussed later in this paper.
[26] In summary, the interannual relationship of ET/P versus PET/P at the catchment scale can be captured by a linear relationship better than the Budyko curve. The slope and intercept of the fitted lines of PET/P versus ET/P reflect the spatial relation of the interannual variability of ET with respect to PET and P, respectively. A reason why the linear fit is better than Fu's Budyko is that the linear fit has two parameters (a and b), while Fu's Budyko only has one parameter (w). Comparison of (a) goodness of fit and (b) rootmean-square error between evapotranspiration to precipitation (ET/P) versus annual potential ET to annual precipitation (PET/P) fit with the Budyko curve and the linear relationship, using the UM_ET data set.
Cross Validation of the Linear Relationship
[27] The linear relationship between annual PET/P and ET/P obtained from the UM_ET data set is reevaluated using the UW_ET data set. The UW_ET data set has a 6 year overlap with the UM_ET, which is used for the same analysis conducted with UM_ET. Although there are only six points from UW_ET, they show a strong linear trend like UM_ET with a mean R 2 of 0.887, a little lower than that of UM_ET. The detailed results of the fitting for all the 547 catchments are provided in the auxiliary material. Figure 5 shows the distribution of R 2 based on UW_ET; 452 of 547 catchments have an R 2 value larger than 0.8, 64 catchments have values between 0.6 and 0.8, and 31 catchments have values lower than 0.6. For most of the 95 catchments with R 2 less than 0.8, the slight climate oscillation in those catchments during the period of 2001-2006 crowds the six annual points together; as a result, the linear relationship is not noticeable. Although the analysis of UM_ET and UW_ET results in a strong linear relationship for most of the 547 catchments, there is still a more or less systematic difference between UM_ET and UW_ET estimation over most of the catchments, as displayed in the auxiliary material.
Assessing the Interannual ET Using the Water Balance Approach
[28] To further verify the results, the validity of annual ET estimated by the water balance approach, denoted as WB_ET, is also examined. This comparison is conducted in one catchment with intensive human interferences and one "natural" catchment. Figure 6 plots WB_ET, UM_ET, and UW_ET for the Prairie Dog and Sangamon River catchments. Prairie Dog, which is a tributary of Republican River Basin, is an intensively irrigated agricultural catchment where agricultural land coverage is 57.4%. Most groundwater pumping wells for irrigation were installed in the late 1960s, which have resulted in substantial streamflow depletion over the years (http://www.republicanrivercompact.org/). As can be seen from Figure 6 , the 24 WB_ET points are located around the horizontal line of ET/P = 1.0, i.e., ET = P, because the streamflow is close to zero. However, the estimates from UM_ET or UW_ET are more reasonable because in wet years (with a small PET/P value), part of the precipitation (P) recharges groundwater since groundwater has been depleted over many years, and ET is smaller than P; while in dry years (with a large PET/P value), groundwater is overpumped for irrigation, which makes ET even greater than P. Moreover, soil water storage also exerts a similar impact on the WB_ET. Thus WB_ET is overestimated in wet years but underestimated in dry years, and the water budget method is no longer credible in catchments with significant human interferences.
[29] The Sangamon River catchment is dominated by agricultural land (82.5%) but there is little irrigation development there since abundant precipitation is available. As shown in Figure 6b , most of the WB_ET points crowd around the average climate condition, and there is no noticeable trend of the interannual PET/P and ET/P. Again, compared to UM_ET, WB_ET is overestimated in wet years and underestimated in dry years even for a catchment without irrigation effects, although the estimate of WB_ET is closer to UM_ET in the catchment without irrigation (Sangamon) than the one with irrigation (Prairie Dog).
Discussions
Justification of the Linear Relationship
[30] In general, a ratio model (e.g., ET/P versus PET/P) or a dimensionless model represents a more generalized relationship and may be extended beyond the range of data with more confidence [Benson, 1965] ; however, ratio regression is subject to the pitfall of spurious correlation [Firebaugh Gibbs, 1985; Kronmal, 1993] , and careful examination and verification of such regression is often necessary. In this section, we provide statistical justification on whether the linear function between ET/P versus PET/P is genuine or not.
[31] Following Firebaugh and Gibbs [1985] and Kronmal [1993] , a spurious linear relationship between X/Z and Y/Z may exist with the following two cases: (1) the common component Z is a controlling factor for both X and Y, and (2) Z is the third confounding factor, which has a much larger coefficient of variation than X and Y and no causal relation with X and Y. For our study on ET/P versus PET/P, ET is function of both PET (energy factor) and P (water factor); that is, ET has a strong causal relation with both PET and P. In addition, the common factor (P) is a controlling factor of ET; however, in general, no causal inference between P and PET exists for any catchments. Thus the linear relationship found in this study is not likely caused by the common variable P of the two ratios.
[32] Furthermore, if the linear relationship of the interannual variability of ET at the catchment scale is genuine rather than spurious, the following two prior conditions should be satisfied: (1) the causal relationship of ET with respect to P and PET must exist, and (2) it is rational to represent ET as a linear function of PET and P. For the first condition, since the processes of ET primarily depend on water and energy at any spatial-temporal scales [Penman, 1948; Budyko, 1958; Brutsaert and Stricker, 1979; Morton, 1983] , ET has a causal relation with both PET and P. To verify the second condition, we examine the linearity of the component model, ET = aPET + bP + ", subject to the normality of the residual error ("), homogeneity of variance and noncolinearity of PET and P [Weisberg, 2005] . Figure 7a plots the histogram of the residual error of the component model; Figure 7b shows the residual error with respect to the estimated ET in all the 547 catchments. As can be seen, the normality of the residual error and the homogeneity of variance exist with the component model for the 547 catchments. Regarding the noncolinearity, PET and P are usually considered as two independent values in the hydrologic literature [Budyko, 1958; Koster and Suarez, 1999; Donohue et al., 2007] , although a certain degree of covariance could be found between PET and P under some circumstances [Bouchet, 1963; Morton, 1983; Yang et al., 2006; Potter and Zhang, 2009] . The average linear correlation between PET and P for 547 catchments is 0.089.
[33] So far, we show that it is rational to fit the component model by a linear relationship, and following that the ratio model is rational by dividing both sides by P. The further question is why we still choose the ratio model. Two reasons explain our choice. First, ET/P and PET/P have been widely used to analyze water-energy interactions at the catchment scale following the classic work of Budyko [1974] . Our study adopts the definition of the same water-energy indices and extends them to explore catchment water balance at interannual time scale for individual catchments. The second reason to use the ratio model is that ratios can usually cancel out some covariant factors or feedbacks between components and represent a more generalized relationship [Benson, 1965; Kronmal, 1993] . On the basis of our study, the linearity of the component model is not as strong as the ratio model, and the stronger linearity of the ratio model is perhaps enhanced by the relatively large variability of P [Benson, 1965] . In our case, the ratios cancel out some covariant factors among components, especially between ET and P, such as vegetation effect [Donohue et al., 2007; Troch et al., 2009] and soil storage variation [Porporato et al., 2004] . Those effects usually introduce a great bias into the residual error of the component model.
[34] Additional statistical justification of the linear relationship using Monte Carlo experiments is provided in the auxiliary material.
Primary Factors Responsible for the Linear Relationship
[35] Physical interpretation will further justify the identified linear relationship between ET/P and PET/P. Three major factors may explain the linear relationship of interannual ET/P and PET/P: the filtering effect of soil water storage, the response of vegetation to interannual climate variability, and human interferences to the water cycle of the catchment. The spatial heterogeneity of these catchment characteristics and impacts results in some variation of the interannual ET variability, but the linear relationship remains over all the 547 catchments.
Filter Effect of Soil Water Storage
[36] The buffering effect of soil water storage on precipitation contributes to the linear relationship of interannual ET/P and PET/P. As can be seen from Figures 3a and 6a, ET/P values approach or exceed 1.0 in some dry years, i.e., ET is higher than P, but the streamflow observation is not zero, which shows the impact of soil water storage change between years and/or external water input by human activities such as deep groundwater pumping, transboundary water transfer, etc. In particular, soil water storage performs as a filter from precipitation to runoff in catchments, and it can also remember a wet or dry anomaly from daily to annual time scales [Daly and Porporato, 2006] . In wet years, the soil retains water and groundwater is recharged; however, in dry years, soil water and groundwater are depleted to be lower than the level in normal or wet years, and the extra impounded water from wet years compensates the water deficit for ET in dry years. The filter effect and soil moisture memory would introduce a bias into WB_ET estimation, which can be seen in Figure 6b ; specifically, it can result in an overestimation of WB_ET in a wet year and an underestimation in a dry year. The soil filtering effect adjusts the bias of WB_ET to make the points of WB_ET in Figure 6b approach a straight line. Moreover, because of the filtering effect of soil, runoff has a delayed response to precipitation changes and it cannot reflect the climate variability immediately, which introduces a bias into the WB_ET estimates too. Thus soil acts as a buffer to reduce the gap between the actual ET and the potential ET over years, and soil storage capacity offsets the interannual variability of P by adjusting the soil water storage. Furthermore, the interactions of soil water storage and seasonality [Milly, 1994; D'Odorico et al., 2000; Porporato et al., 2006] can result in notable differences in linear relationship for similar climate and landscape condition.
Response of Vegetation to Interannual Climate Variability
[37] In order to obtain a better understanding of the effect of vegetation on the relationship between ET/P and PET/P, tree canopy coverage (TCC, %) versus the goodness of fit is shown in Figure 8 . As can be seen, with respect to the agricultural land coverage (ALC, %), when the TCC is greater than 30%, R 2 is generally >0.9; whereas when TCC is smaller than 30%, the value of R 2 varies, and higher values of R 2 correspond to larger ALC. If we remove the data points with ALC > 40%, we find that R 2 has a more obvious linear trend with TCC. This suggests that forest and agricultural land coverage contributes to the linear relationship between PET/P and ET/P. Actually, vegetation, a critical component of the global water-energy cycle, has closely reciprocal effects and feedbacks with climate variability [Kleidon and Heimann, 1998; Eagleson, 2002] . The response of local vegetation tends to maximize productivity or minimize water stress [Eagleson, 1982; Hwang et al., 2009; Troch et al., 2009] . In dry years, plants tend to rely on deep roots to uptake more soil water to maintain ET requirement for plant growth at an optimum rate [Kleidon and Heimann, 1998; Porporato et al., 2001 Porporato et al., , 2004 , as which has been found in Amazonian forests and pastures [Nepstad et al., 1994] . However, in wet years, plants grow faster and transpire more water [Huxman et al., 2004] ; some studies have proved that annual net primary production increases across biomes with increasing mean annual precipitation [Knapp and Smith, 2001] . Furthermore, the close interaction of vegetation and climate also provides strong evidences in tree rings, which makes possible the reconstruction of long-term climate variation at interannual resolution [Roig et al., 2001] . Therefore, the adaptation to climate will increase the capacity of vegetation to deal with the variability of precipitation and energy, which can stabilize ET from interannual P and PET variability. That is why the linear relationship is stronger in catchments with higher forest density. Meanwhile, vegetation characteristics, such as structure, type, rooting depth, etc. [Porporato et al., 2004] , can impose significant impact on the linear slope and intercept.
Human Interferences to Catchment Water Cycle
[38] At the annual scale, human activities in catchments can alter the ET flux at different spatial scales [Gordon et al., 2005] , such as increasing open water area, deforestation [Zhao et al., 2010] , pumping deep groundwater [Wang and Cai, 2009a] , water diversion from other catchments, etc. Over the 547 catchments selected for this study, those with higher irrigation intensity [see Ozdogan and Gutman, 2008] commonly have larger fitted slopes and the values of ET/P can exceed 1.0 in some catchments, such as most catchments in the Republican River Basin in the Midwest, Central Valley in California, etc. It is human interference that maintains higher evaporation efficiency and uplifts the amount of ET beyond the precipitation limitation. In Figure 8 , the catchments that crowd in the top left part of the plot have higher ALC, which shows the impact of farming activities on the interannual water balance. In Figure 4b , further investigation shows that most catchments whose PET/P ranges from 2 to 4, have larger intercept (larger than 0.2). This is possibly caused by higher ALC in these catchments. In fact, land use with farming activities leads to certain rainfall use pattern during the vegetation growing period, which is closely related to the climate variability [Wang and Cai, 2009b] . As a result, the relationship of interannual variability of ET with PET and P is strengthened by human interferences. Basically, catchments with higher agricultural land coverage (over 50%) generally have a stronger linear relationship and a larger slope, especially in semiarid regions with intensive irrigation. Interannual points in these catchments likely deviate much more from the linear relationship without irrigation. This can be used to explain the small value of R 2 for PET and ET but high value of R 2 for PET/P and ET/P at the irrigated catchments in semiarid regions; and the slopes of fitted lines vary significantly among semiarid catchments.
Conclusions
[39] On the basis of the UM_ET data set from 1983 to 2006, a linear relationship is found to be capable of capturing the interannual variability of ET based on the statistical analysis of 547 mesoscale catchments in different climate zones of the contiguous United States. The average goodness of fit is as high as 0.928. This linear relationship is validated by using another independent remotely sensed ET product (UW_ET), although the two data sets were generated by two groups using different algorithms. The linear regression of ET/P on PET/P is justified statistically through regression diagnostics and Monte Carlo experiments (also see the auxiliary material) and physically with some main factors. Besides water and energy supply, the controls on the slope of the fitted line include vegetation coverage, topography, soil properties, and intra-annual climate variability. Soil water storage, susceptibility and response of vegetation to climate variability, and human interferences are the three important factors on the linear relationship at the interannual time scale.
[40] The significance of the linear relationship between PET/P and ET/P implies that the interannual variability of ET can be characterized by a linear relationship related to P and PET, which may allow the prediction of interannual variability of ET using annual P and PET, once the relationship has been set up on the basis of historical data. This is useful for ET predictions and water resources planning and management, particularly under climate change which directly affects PET and P. Although uncertainties exist in the ET data derived from satellite remote sensing, the linear relationship of the interannual ET/P and PET/P seems robust with the investigation crossing different data sources and a large number of catchments in various climate zones.
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